gives a sharp respond to temperature change (Schild, 1992) . However, a three-dimensional crosslink network of PNIPAm may be better in term of open/close gating performance (Chen et al., 2009) .
Beside the form of grafted PNIPAm on the membrane surface, type of substrate used also affects gating performance. Many stimuli-responsive gating membranes have been investigated such as PNIPAm-g-Nylon-6 (Yang et al., 2006) , PNIPAm-g-PP (Choi et al., 2000) , PNIPAm-g-PVDF (Yang et al., 2006) , PNIPAm-g-PC (Ohashi et al., 2016) , and PNIPAm-g-HDPE (Yamaguchi et al., 1999) membranes. Comparative study of smart gating membranes with different substrates on gating performance were carried out by Yang et al.(2006) . By measuring the water flux over the temperature range of 25-40C, it was found that the water flux through the hydrophilic Nylon-6 substrate was higher than that of through the hydrophobic HDPE substrate at the same temperature (Yang et al., 2006) which was due to the differences in the substrate properties, specifically its hydrophilicity and microstructure.
Several grafting techniques have been developed to graft PNIPAm onto a membrane such as plasma induced graft polymerization (PIGP) (CHU Liangyin, 2003) , UV radiation induced grafting, plasma graft copolymerization, atom transfer radical polymerization (ATRP) (Xu et al., 2007) , and plasma-graft pore-filling polymerization (Xie et al., 2005) . Microwave irradiation can also be used to assist the grafting process. There are several unique advantages in using microwave irradiation for polymerization including low energy consumption and thermal homogeneity (Oliver, 2004) . Earlier work reported a successful use of microwave-assisted heating for synthesize PNIPAm hydrogels which shortened the reaction time of 6 h down to 1 h (Murray et al., 1994) . However, to the best of the authors' knowledge, the microwaveassisted grafting technique of PNIPAm onto Nylon porous membrane has not been investigated.
In this study, plasma peroxide method together with microwave-assisted polymerization were used to graft PNIPAm, onto a porous Nylon-6 membrane. This was because Nylon membrane was hydrophilic which featured porous honeycomb microstructure below the skin layer that can be effectively grafted with PNIPAm and exhibited a high gating performance. The focus of this work was to optimize the key parameters involving with microwave-assisted grafting. These key parameters included the effect of the microwave output power and irradiation time on grafting yield as well as the monomer content. The presence of crosslinker in the monomer solution was also investigated for its effects on the grafting yield and, to be reported later (elsewhere), gating performance. Fourier transform infrared spectrometry (FTIR) and scanning electron microscopy (SEM) were used to verify the success of the grafting using the novel technique.
Experimental methods

Materials
The Nylon membranes used in this study were from Whatman Co. They possessed an average pore size of 0.2 m and thickness of 150-187 m. N-isopropylacrylamide (NIPAm) (98%) and N, N'-methylenebisacrylamide (BIS), used as the main monomer and a crosslinker, respectively and were purchased from TCI Co. The monomer and crosslinker were used without further purification. Deionized water was used in all experiment throughout the study.
Grafting of linear and crosslinked PNIPAm onto porous nylon 6 substrates by plasma peroxide method together with microwave-assisted polymerization
The mechanism for grafting PNIPAm onto nylon porous membrane surfaces is schematically depicted as shown in Fig. 1 . Fig. 1 Grafting of NIPAm onto Nylon-6 porous membrane's surface via plasma peroxide method followed by microwaveassisted polymerization. Firstly, as-received Nylon 6 membranes were treated with argon plasma at 30 W for 60 s to activate the surface of the polymer membranes and to form free radicals. These activated membranes were then exposed to oxygen in the atmospheric air for 2 days so that the free radicals reacted with oxygen and formed hydrogen peroxide on the membrane's surface. All the parameters in the first step were kept constant.
Secondly, NIPAm monomers were grafted onto the membrane's surface using microwave-assisted polymerization. In this step, the treated membranes were submerged in NIPAm monomer solution before being irradiated with microwave to induce grafting polymerization by heating. Typically, as the peroxides being the assumed initiator, the applied grafting temperature is normally higher than 60°C to assure the decomposition of peroxides to produce alkoxy radicals in aqueous solution, thereby initiating the polymerization (Xueqin et al., 2014) . Effects of the main parameters in the second step i.e. microwave irradiation output power and time, the presence of crosslinker, and the concentration of the monomer concentration on the grafting effectiveness or grafting yield were examined. Optimum condition for grafting of PNIPAm onto the porous Nylon membrane was expected to obtain from this investigation. The optimization of microwave assisted polymerization step was carried out as followed.
1. To study effect of microwave irradiation output power and time, the monomer solution comprised of 10 wt% NIPAm in water was used. A treated membrane was fully submerged into the monomer solution in a Petri dish. Irradiation of microwave power and time were varied from 100 to 800 w and 5 to 15 min, respectively. After completion of microwave irradiation step. The grafted membrane was repeatedly rinsed with DI water before mildly sonicated in a temperature-controlled bath (30°C) for 24 h to ensure the removal of any residual unreacted chemicals. Finally, the grafted membrane was dried in an oven at 50°C for 12 h before being tested or characterized. 2. The study of the effects of the presence of BIS crosslinker and the monomer solution concentration were performed by using the optimum microwave irradiation condition obtained from the prior step. The monomer solutions, with and without crosslinker, with a constant solid content were prepared. In the case of the solution with the presence of crosslinker, the constant weight ratio of 800:50 (NIPAm:BIS) was used. The monomer solution concentrations varied from 2 to 10 wt% were prepared. The grafting of the treated membranes with the different monomer solutions were carried out as described above. Different conditions used for optimization in this study were summarized in Table 1 The grafted membranes obtained from the different compositions were characterized for their grafting effectiveness via FTIR, SEM, and weighing method for the proof of reaction, change in structure, and grafting yield, respectively. The grafting yield based on membrane weight was calculated according to the following Eq. (1). where Y is the grafting yield of PNIPAm on the membrane substrate, W g and W 0 are the mass of the membrane after and before grafting, respectively (Yang et al., 2006) .
Morphological analysis
Scanning electron microscopy (SEM) (JSM-6010LV, JEOL, Japan) was employed to observe the microstructures of the membranes, both outer surface and cross-sectional area. The cross-sectional area of the membranes were prepared by cryo-fractured in liquid nitrogen. All the surfaces were sputter-coated with gold for 60 s before observation at an accelerating voltage of 10 kV.
Chemical composition analysis
Fourier Transform Infrared Spectrometer (FT-IR) (Tensor 27, Bruker, Billerica, MA, USA) was used to confirm the grafting of PNIPAm polymer onto the Nylon 6 porous membranes. The attenuated total reflection (ATR) mode was used for all the samples. The spectra were collected at 4 cm -1 resolution with an FT-IR microscopic spectrometer over 64 scans.
Results and discussion
Confirmation of grafted PNIPAm on nylon membranes
The effects of microwave irradiation time and output power on the success of grafting of PNIPAm onto Nylon-6 porous membranes were first investigated. The results shown in Fig. 2 illustrated the effect of the output power and irradiation time on grafting yield at a constant monomer content of 10 wt%. It can be seen that PNIPAm-g-Nylon membranes with a grafting yield of 2.85-11.2 % and 11.7-18.3 % were obtained for linear and crosslinked PNIPAmgrafted membranes, respectively. For both the linear and crosslinked PNIPAM-g-Nylon porous membranes, the condition for microwave irradiation that gave the highest yield were found to be 800 W and 10 min. Note that, with the presence of crosslinker in the monomer solution, grafting yield was about 4 times greater than that of without one.
Different yields obtained from the use of different microwave irradiation time and power during microwave-assisted polymerization were due to the different temperatures were induced. In this Novel grafting method, temperature of 60°C or above is required to produce alkoxy radicals from peroxides. Figure 3 shows the temperatures measured on the surface of Nylon using IR thermosensor immediately after microwave irradiation. The temperatures of the membranes were varied from 44 to 92°C. It should be noted that due to the time lag of the temperature measurement, the actual temperature during the irradiation may be significantly higher than these value. In general, however, it can be seen that higher temperature and longer time gave higher yield. The results infer that the grafting yield is time and temperature dependent. However, there seemed to be the limiting or critical temperature at 87°C that gave the maximum yields. Further increased the grafting temperature resulted in declining of the grafting yield. This result is similar to that of reported by Xueqin et al.(2014) . In general, a decrease in grafting yield at elevated temperature is known and accepted as a consequence of an accelerating the termination reaction. The increased temperature causes faster rates of peroxide decomposition, free radical consumption, and termination.
Regarding of the grafting temperature, it should also be noted that all conditions used here induced temperature significantly higher than the LCST of NIPAm (32°C). Thus, during the grafting process, PNIPAm chains were assumed to aggregate in all conditions. The aggregation of the polymer chains may partially be responsible for low grafting yield, particularly in the case of when monomer solution at high concentration was used. However, the yield obtained in this study at low concentration such as at 3 wt% is comparable to that of reported by others (Yang et al., 2006) . This may plausibly be due to that the pores were pre-filled with enough amount of monomer within. The aggregation of the polymer that may prevent the permeation of monomer molecules from solution outside the pore therefore show no effect on the grafting yield. This is only the case for monomer solution with low concentration, but not for the higher concentration one. The effect of monomer concentration is discussed in this report in the later section.
This success of grafting using the novel technique was confirmed by ATR-FTIR technique shown in Fig. 4 .
Characteristic peak of isopropyl group at 1385 cm -1 appeared newly in the spectra of the PNIPAm-grafted membranes which prepared using microwave irradiation at 450 w for 15 min and 800 w for 10 and 15 min. From FTIR spectra, FTIR index (T neat /T grafted ) was calculated and summarized in Table 2 . The maximum index value was observed in the grafted sample prepared under 800 w for 10 min with the presence of crosslinker. The result was well agreed with the calculated grafting yield. However, this was not the case for other conditions. This may be due to an inhomogeneous distribution of grafted PNIPAm on the substrate. Fig. 2 Grafting yield of PNIPAm-g-Nylon membrane using different microwave irradiation time and output power with a constant 10 wt% NIPAm solution. 
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The relationship between the grafting yield and NIPAm concentration is shown in Fig. 5 . For both the linear and crosslinked PNIPAm-grafted membranes, the highest grafting yield was obtained from using 3 wt% of NIPAm monomer solution. Further increased PNIPAm concentration above 3 wt% gave lower yield suggesting that 3 wt% was a critical concentration to obtain highest degree of grafting. The plausible explanation was to be explained in the following section that reported about morphology of the grafted membrane.
It was again observed that the presence of crosslinker gave higher grafting yield than that of without one. Characteristic peak of isopropyl group at 1385 cm -1 appeared in the FTIR spectrum for grafted samples both linear (without crosslinker) and crosslinked PNIPAm-grafted membranes as shown in Fig. 6 . Table 2 FTIR index of membranes for grafting optimization. 
Morphological analysis of PNIPAm-grafted membranes
Morphologies of the grafted membranes were analyzed using SEM. SEM micrographs shown in Fig. 7 were a cryofreeze fractured cross-section surface of the grafted membranes. It was described earlier that initially, the membrane was only immersed in the monomer solution before being irradiated with microwave, which result in a dense PNIPAm grafted mostly onto top surface of membrane. Attempting to improve grafting homogeneity, a pressure-assisted permeation of monomer solution was carried out. Adaptation of coffee maker "Aeropress" was employed to help forcing monomer solution to penetrate into the pores of the membrane. An improvement of grafting was observed as better uniformity of grafting of PNIPAm onto the porous Nylon was found and PNIPAm grafted onto the surface of deeper pores.
Morphologies of grafted membranes were shown in Fig. 8 . For both linear and crosslinked PNIPAm-grafted membranes, the pores near the top surface of membrane were apparently filled with grafted PNIPAm. With the presence of crosslinker, even denser grafted PNIPAm were observed. It should be noted that under 800 w of microwave irradiation, when irradiation time was longer than 15 min, the membrane fracture was observed as shown in Fig. 9 . This was suspected to be caused by the temperature in the microwave was higher than the service temperature of Nylon membrane. This irradiation that caused Nylon membrane fracture was thought to be the upper limit of grafting of Nylon membrane with PNIPAm. Thus, the optimum condition for microwave irradiation were found to be 800 W and 10 min for both the linear and crosslinked PNIPAM grafted on to Nylon porous membranes. For grafted membranes with different monomer concentration, a plausible explanation was that the higher concentration of monomer used, the denser grafting was being generated, especially on the top surface, and this prevented the NIPAM monomer in solution to diffuse into the pore of membrane as shown in Fig. 10 . Therefore, the membrane was found to possess highly PNIPAm grafted on the top of surface which explain the increase of PNIPAm signal in FTIR and not in grafting yield that calculated by weight. 
Conclusions
Nylon membranes have been successfully modified by plasma peroxide method together with grafting of PNIPAm via microwave-assisted irradiation. The grafted PNIPAm chains located mainly on the top surface and at the pore entrance of the membranes. The coverage of grafted PNIPAm chains on the membrane were inhomogeneously distributed but the uniformity was improved after the use of a pressure-assisted permeation technique. Addition of the crosslinker yielded a denser grafted membrane as compared to that of without one. The grafted membranes were fractured when grafting under the condition with the irradiation time over 15 min under 800 w because the solution temperature was higher than the operating temperature of membrane. The fractured membranes were unsuitable to be used for gating application because of unstable performances. Therefore, the PNIPAm-grafted membranes should be fabricated at a proper irradiation time of 10 min and under a proper output power of 800 w to obtain the maximum grafting yield. The critical concentration of NIPAm to give highest yield was found to be at 3 wt%. Membranes with different structures (linear chains or crosslinked networks) and different grafting yield are expected to affect their gating performance. The gating performance and thermo-responsive properties of the grafted membranes are under an ongoing investigation and going to be reported in the near future.
